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Abstract

BACKGROUND: Studies using continuous access drug self-administration showed that cocaine
seeking increases during abstinence (incubation of cocaine craving). Recently, studies using
intermittent access self-administration showed increased motivation to self-administer and seek
cocaine. We examined whether intermittent cocaine self-administration would potentiate
incubation of craving in male and female rats, and the estrous cycle’s role in this incubation.

METHODS: In Experiment 1, male and female rats self-administered cocaine either continuously
(8-h/d) or intermittently (5-min ON, 25-min OFF x 16) for 12 days, followed by relapse tests after
2 or 29 days. In Experiments 2-3, female rats self-administered cocaine intermittently for 6, 12, or
18 sessions. In Experiment 4, female rats self-administered cocaine continuously followed by
relapse tests after 2 or 29 days. In Experiments 3-4, the estrous cycle was measured using a
vaginal smear test.

RESULTS: Incubation of cocaine craving was observed in both sexes after either intermittent or
continuous drug self-administration. Independent of access condition and abstinence day, cocaine
seeking was higher in females than in males. In both sexes, cocaine seeking on both abstinence
days was higher after intermittent drug access than after continuous drug access. In females,
incubation of craving after either intermittent or continuous drug access was significantly higher
during estrus than during non-estrus; for intermittent drug access, this effect was independent of
the training duration.
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CONCLUSIONS: In both sexes, intermittent cocaine access caused time-independent increases
in drug seeking during abstinence. In females, the time-dependent increase in drug seeking
(incubation) is critically dependent on the estrous cycle phase.

Keywords

intermittent access; cocaine self-administration; incubation of craving; sex differences; estrous
cycle; relapse

Introduction

Drug addiction is characterized by high relapse rates during abstinence (1, 2). In humans,
relapse can be precipitated by exposure to cues associated with drug use (3, 4). Gawin and
Kleber proposed that cue-induced cocaine craving progressively increases during abstinence
(5). In rats, a similar phenomenon called “incubation of craving” was observed after forced
abstinence from cocaine self-administration (6, 7), and other addictive drugs (8-10).
Incubation of drug craving during the 6 months of abstinence was recently demonstrated in
human cocaine users (11).

In previous incubation studies, cocaine was continuously available for the duration of the
daily sessions (9, 12, 13). However, human cocaine users self-administer cocaine
intermittently with large drug doses are separated by long intervals between intoxicating
events (14), a drug-taking practice that induces spikes of cocaine brain concentrations.
Based on these clinical observations, Zimmer et al. (15) developed an intermittent access
cocaine self-administration procedure in rats that causes binge-like self-administration
behavior and spiking brain cocaine levels (15). In this procedure, rats have 5 min of cocaine
access followed by 25 min of timeout during daily sessions (typically 6-h/d) (15-22).
Several studies have shown that rats trained under the intermittent access procedure showed
strong motivation to take and seek cocaine, as assessed in progressive ratio, resistance to
punishment, economic demand, and extinction-reinstatement procedures (15, 18-20, 22-26).
Most recently, James et al. (27) showed that in a direct comparison between intermittent and
continuous cocaine access, the motivation to take and seek cocaine in these procedures is
higher in the intermittent access condition. These authors also showed that cue-induced
reinstatement after short or prolonged home-cage forced abstinence was higher in the
intermittent access condition but the relevance of these data to incubation of cocaine craving
is unknown because there was no evidence for time-dependent increases in cue-induced
reinstatement after extinction in either access condition. Thus, it is unknown whether
intermittent access cocaine self-administration would potentiate incubation of cocaine
craving.

Another factor that can affect incubation of cocaine craving, and more generally relapse to
cocaine seeking, is sex (28, 29). Human correlational studies suggest that periods of cocaine
abstinence are shorter in women (30-33) and women report stronger craving to cues
associated with cocaine than men (33-37). There is also evidence for sex differences in
cocaine self-administration and relapse/reinstatement in preclinical studies. Females rats
acquire cocaine self-administration at a faster rate than males (38, 39), exhibit a higher
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cocaine-primed reinstatement response than males (40, 41), and show stronger incubation of
cocaine craving (29).

Sex differences in cocaine relapse may be influenced by the estrous cycle and ovarian
hormones. In human studies, women have a decrease in desire (craving) to smoke cocaine
during the luteal phase (42, 43). The luteal phase is characterized by a high level of
progesterone, which decreases cocaine’s subjective effects (42, 44), suggesting a protective
effect of progesterone. Preclinical studies in rats report similar effects. Female rats in estrus
show higher cocaine seeking after periods of abstinence (29, 45), extinction (40), and
cocaine-induced reinstatement (46, 47) than females in non-estrus or males. Suppression of
endogenous hormones (estrogen and progesterone) by ovariectomy (OVX) decreases
cocaine-induced reinstatement compared to sham rats, while chronic estradiol treatment in
OVX rats restores cocaine reinstatement to levels similar to that of sham rats (48, 49).
Moreover, the role of sex and ovarian hormones in cocaine’s behavioral effects have been
demonstrated using conditioned place preference (CPP) and locomotor sensitization
procedures. Female rats show higher locomotor activity for acute and repeated cocaine
administration than males (50-53) and exhibit a CPP at a low cocaine dose that does not
cause CPP in males (54). In OV X female rats, estradiol treatment increases the magnitude of
cocaine CPP and locomotor sensitization (54-57). Finally, in choice self-administration
procedures (cocaine vs. food), females are more likely to choose cocaine than males (6, 58,
59) and estradiol treatment increases cocaine choice in both gonadectomized male and
female rats (60, 61). Together, the data suggest that in both human and rodent models, the
estrous cycle contributes to cocaine taking and seeking.

In Experiment 1 we found that intermittent cocaine access caused stronger incubation of
craving than continuous cocaine access, an effect that was more pronounced in female rats.
However, in Experiment 2 we did not observe the incubation effect in female rats trained
under the intermittent access condition, suggesting that we overlooked key factors regulating
incubated cocaine craving in females. Therefore, in Experiment 3 we investigated two
possible factors: estrous cycle phase and training duration. We found that after intermittent
access cocaine self-administration, incubation of cocaine craving is critically dependent on
the estrous cycle’s phase but not on training duration. Therefore, in Experiment 4 we
determined the generality of this effect to female rats trained under the continuous cocaine
access condition.

Methods and Materials

Subijects:

see supplemental online material

Experiment 1: Effect of intermittent access cocaine self-administration on
incubation of cocaine craving in male and female rats—The goal of Experiment 1
was to determine whether intermittent cocaine access will increase incubation of cocaine
craving and whether there are sex differences in this effect.
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Cocaine self-administration

Rats were trained to self-administer cocaine in operant conditioning chambers equipped with
two levers, two cue lights above the levers, a tone, and a houselight. Each session started by
inserting the two levers and illuminating the houselight. Pressing on the active lever
delivered a cocaine infusion (0.1 ml/3.5 s; 0.75 mg/kg body weight/infusion) and a
compound tone-light cue for 3.5 s, followed by a 3.5-s timeout during which lever pressing
was not reinforced. Pressing on the inactive lever had no programmed consequence. The rats
were first trained to self-administer cocaine on a fixed-ratio 1 (FR1) schedule over 4 days for
2-h/d (max infusions=20). Next, the rats self-administered cocaine either continuously or
intermittently for 8-h/d for 12 days. In the continuous access condition, the rats had free
access to the drug during the daily sessions. In the intermittent access condition, the rats had
access to cocaine during 16 5-min ON periods that were separated by 25-min OFF periods
(15), corresponding to 80-min of cocaine access during the 8-h daily session. At the onset of
each 5-min ON period the lever extended and the houselight was turned on; at the end of the
5-min access period the levers retracted and the houselight was turned off.

Abstinence phase

Relapse test

During this phase, the rats were housed in the animal facility and were handled 2 times per
week.

The rats tested on abstinence day 2 or 29 were matched for their cocaine intake during
training (intermittent access: n=25 males/n=24 females; continuous access: n=27 males/
n=23 females). On test day, the rats were placed in the same chambers where they previously
self-administered cocaine. The relapse test was conducted under extinction conditions in the
presence of the drug-associated cues during a single 3-h session. The session began with the
illumination of the houselight and the extension of the active and inactive levers. Active
lever presses resulted in contingent presentations of the tone/light cue for 3.5-s, but no
cocaine, while inactive lever presses had no programmed consequence. The number of
active lever presses is the operational measure of drug seeking in incubation studies (8, 10,
62).

Experiment 2: Independent replication—The original goal of Experiment 2 was to
replicate the data in Experiment 1 and to characterize Fos expression in different brain areas
during relapse tests performed 2 or 29 days after intermittent access cocaine self-
administration in female rats. The procedures for cocaine self-administration, abstinence,
and relapse tests were as in Experiment 1, except that the relapse tests lasted 90 min, an
optimal time for detecting Fos protein expression in the brain.

Experiment 3: Effect of duration of self-administration training and estrous
cycle on incubation of craving in female rats after intermittent access cocaine
self-administration—Experiment 2 did not replicate the strong incubation effect in
female rats after intermittent cocaine access observed in Experiment 1. Therefore, in
Experiment 3 we investigated two possible factors: estrous cycle phase and training
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duration. We manipulated the amount of cocaine intake by training the female rats for 6, 12,
or 18 sessions.

Cocaine self-administration and abstinence phase

Female rats went through the same procedures of self-administration, abstinence, and
relapse tests (3 h) as described in Experiment 1, except that the number of intermittent self-
administration sessions varied, and the estrous cycle was monitored after the relapse tests by
vaginal swab. The female rats self-administered cocaine for either 6 (n=16), 12 (n=14), or 18
sessions (n=16) and tested for relapse on either abstinence days 2 or 29. These rats received
vaginal cytological tests (see Supplemental online material).

Experiment 4: Effect of the estrous cycle on incubation of craving in female
rats after continuous access cocaine self-administration—The goal of
Experiment 4 was to examine whether the estrous cycle contributes to incubation of craving
after continuous access cocaine self-administration.

Cocaine self-administration and abstinence phase

Female rats (n=46) went through the same procedures as described in Experiment 1 for
continuous access cocaine self-administration, abstinence, and relapse tests (3 h).
Additionally, these rats received vaginal cytological tests (see Supplemental online material).

Statistical analyses:

see supplemental online material

Results

Experiment 1: Effect of intermittent cocaine self-administration on incubation of cocaine
craving in male and female rats

Cocaine self-administration—During the acquisition phase in sessions 1-4 (2 h/d
continuous access) there were no sex differences in the number of infusions, the frequency
of infusions (infusions/min), and active and inactive lever presses (Figure 1B-E). Results
showed that escalation of cocaine intake of days was observed under both access conditions,
that total daily drug intake and the number of active lever presses were higher in the
continuous access condition, that infusion rate per min and the number of inactive lever
presses were higher in the intermittent access condition, and that there were no sex
differences in drug self-administration under either access condition. The mixed ANOVA
analysis for total drug intake, which included the between-subjects factors of Access
condition (intermittent, continuous) and Sex (male, female), and the within-subjects factor of
Session showed significant effects of Access Condition (F1 95=153.8, p<0.001) and Session
(F11.1045=80.7, p<0.001) but no effect of Sex (p>0.1). There was also a significant Access
Condition x Session interaction (F11 1045=5.9, p<0.001) due to stronger escalation in the
continuous access condition. The analysis of infusion rate showed significant effects of
Access Condition (F1 g5=434.4, p<0.001) and Session (F11,1045=48.2, p<0.001) but no
effects of Sex (p>0.1). The statistical results of active and inactive lever presses are
described in Table S1.
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Relapse tests—Independent of the abstinence day and sex, cocaine seeking was higher
after intermittent drug access than after continuous drug access (Figure 1F). Additionally,
independent of the access condition and abstinence day, cocaine seeking was higher in
females than in males. Finally, independent of the access condition and sex, cocaine seeking
was higher on abstinence day 29 than on day 2 (incubation of craving). The mixed ANOVA
analysis of lever presses, which included the between-subjects factors of Access Condition,
Sex, Abstinence Day (2,29), and the within-subjects factor of Lever (active, inactive)
showed significant effects of Access Condition (F1 91=33.5, p<0.001), Sex (F1 91=16.4,
p<0.001), Abstinence Day (F1 91=56.4, p<0.001), Lever (Fy 91=304.3, p<0.001), but no
significant interactions between Access Condition, Sex, and Abstinence Day.

Experiment 2: Independent replication

We attempted to replicate the finding of strong incubation of cocaine craving in female rats
after intermittent access cocaine self-administration. As in Experiment 1, the female rats
escalated their daily cocaine intake and active lever presses under the intermittent access
training condition (Figure 2, see Table S1 for statistical results). Unexpectedly, we observed
no evidence for incubation of cocaine craving with similar number of active lever presses
during the different test days (Figure 2E). The statistical analysis, which included the
between-subjects factor of Abstinence Day and the within-subjects factor of Lever, showed a
significant effect of Lever (F1 16=60.8, p<0.001) but not Abstinence Day or an interaction
between the two factors (p values>0.05).

Experiment 3: Effect of duration of cocaine self-administration training and the estrous
cycle on incubation of craving in female rats

To understand the lack of incubation effect in Experiment 2, we examined two experimental
factors. First, we investigated possible role of the duration of intermittent access cocaine
self-administration training. The 12 sessions of intermittent access may have been a
threshold number of cocaine exposure, resulting in lack of incubation in Experiment 1.
Second, we tested whether the estrous cycle regulates cocaine seeking during the relapse
tests, because previous studies found significant effects of estrous cycle phases on cocaine-
seeking behavior (29, 40, 45). Accordingly, by chance, during the relapse tests many rats in
Experiment 1 may have been in the critical estrous cycle phase, most likely estrus, while
those in Experiment 2 may have been in non-estrus.

Cocaine self-administration—As in Experiments 1-2, the female rats escalated their
daily cocaine intake under the intermittent access training condition. This escalation had
occurred independent of the number of training sessions, and no significant effect of the
number of training sessions were observed on the active and inactive levers (Figure 3B-D;
Table S1 for statistical results).

Relapse tests

Training duration: The training duration had no effect on the emergence of incubation of
cocaine craving (Figure 3E). The statistical analysis, which included the between-subjects
factor of Training Duration (6, 12, 18 sessions) and Abstinence Day, and the within-subjects
factor of Lever showed significant effects of Abstinence Day (F1 40=18.2, p<0.001) and
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Lever (Fy 40=157.8, p<0.001), and an interaction between these two factors (F1 40=18.2,
p<0.001), but no effect on Training Duration or interactions between this factor and the other
factors (p values>0.05).

Estrous cycle: We found no differences between diestrus or proestrus (data not shown),
confirming results from previous studies (29, 47). Thus, we combined the diestrus and
proestrus data (non-estrus) for data analysis. Across the three groups assigned to the
different number of training sessions, the vaginal cytological analysis identified 13 rats in
non-estrus and 10 in estrus on abstinence day 2, and 16 and 7 rats on abstinence day 29,
respectively. Because there were no differences in lever presses during the relapse tests
between the three training-duration groups, we combined them for the statistical analysis of
the effect of estrous cycle on incubation of cocaine craving. The estrous cycle phase had no
effect on non-incubated cocaine seeking on abstinence day 2 but had a strong effect on the
higher or incubated cocaine seeking on abstinence day 29 (Figure 3F). The statistical
analysis, which included the between-subjects factors of Abstinence Day, Estrus Phase
(estrus, non-estrus), and the within-subjects factor of Lever, showed significant effects of
Abstinence Day (F1 42=48.9, p<0.001), Estrus Phase (F1 4p=21.4, p<0.001), and Lever
(F1,42=194.9, p<0.001), and a significant interactions between Estrus Phase x Abstinence
Day (F1 42=12.5 p=0.001), and Estrus Phase x Abstinence Day x Lever (F1 40=7.6,
p=0.009). Finally, mean daily cocaine intake in the estrus and non-estrus groups was not
associated with lever presses during the relapse tests (data not shown).

Experiment 4: Effect of the estrous cycle on incubation of craving in female rats after
continuous cocaine self-administration

Cocaine self-administration—The female rats escalated their daily cocaine intake under
the continuous access training condition. (Figure 4B; Table S1 for statistical results).

Relapse tests—As in Experiment 3, the estrous cycle phase had no effect on non-
incubated cocaine seeking on abstinence day 2 but had a significant effect on incubated
cocaine seeking on day 29 (Figure 4E). The mixed ANOVA, which included the between-
subjects factors of Abstinence Day and Estrus Phase (estrus, nonestrus), and the within-
subjects factor of Lever, showed significant effects of Abstinence Day (F1 37=28.9,
p<0.001), Estrus Phase (F1 37=7.9, p=0.008), and Lever (F; 3;=171.8, p<0.001), and a
significant interactions between Estrus Phase x Abstinence Day (F1 37=7.2 p=0.011), and
Estrus Phase x Abstinence Day x Lever (F1 37=5.3, p=0.027).

Discussion

We examined the effect of intermittent cocaine self-administration on incubation of cocaine
craving in male and female rats. There are four main findings in our study. First, incubation
of cocaine craving during abstinence was observed after intermittent access drug self-
administration, extending previous reports using the classical continuous access training
procedure (9, 13, 63). Second, in both male and female rats and independent of the
abstinence day, intermittent access cocaine self-administration increased relapse to cocaine
seeking. Intermittent cocaine access also increased inactive lever presses during testing; the
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reasons for this effect are unknown. Third, independent of the abstinence day and training
conditions, lever responding in the relapse tests was higher in female rats than in male rats,
extending previous results on increased relapse vulnerability in female rats in rat models (29,
31, 40). Most important, independent of the cocaine access condition, incubation of cocaine
craving was more pronounced during estrus than nonestrus. This finding suggests a critical
role of ovarian hormones in incubation of craving.

Sex differences in cocaine self-administration and seeking

In Experiment 1, we found that both male and female rats increased cocaine intake over the
sessions under either continuous or intermittent access training conditions. These results
extend previous findings on escalation of cocaine intake in male and female rats under
continuous access conditions (49, 64) and male rats under intermittent access conditions
(24-26). Under both access conditions, we found no sex differences in cocaine self-
administration. These results are not consistent with previous reports on higher cocaine
intake in female than in male rats trained under continuous access conditions (39, 65, 66).
The reasons for these different results are unknown and may be due to differences in the
parameters of cocaine self-administration training in our studies versus these previous
studies (e.g., unit dose, duration of daily session, number of training days). However, our
negative results are consistent with recent studies showing lack of sex differences in
extended access methamphetamine self-administration (67, 68).

Under both access conditions, lever responding in the relapse tests was higher in females
than in males. These results agree with those from previous studies on increased resistance
to extinction and cue- and cocaine priming-induced reinstatement in female rats (40, 41, 46,
47, 69, 70). Similar results have been extended to other drugs, showing increased cue- and
drug priming- induced reinstatement of methamphetamine and nicotine seeking in female
rats (71-73), but see Venniro et al. (68) for lack of sex differences in incubation of
methamphetamine craving(68). Together, our results extend previous results on sex
differences in relapse to cocaine seeking (29, 31, 41), and highlight the importance of sex as
a biological variable in cocaine relapse studies.

Role of the estrous cycle in the incubation of cocaine craving

In Experiment 2 we failed to replicate Experiment 1 finding on incubation of craving in
female rats after intermittent access self-administration training. To address this unexpected
finding, we investigated the role of two factors: total drug exposure and estrous cycle phase.
As for the first factor, twelve 8-h daily sessions of intermittent access cocaine self-
administration corresponds to 80 min/day of cocaine access and may have been a threshold
level of cocaine exposure to induce incubation of cocaine craving. In this regard, parametric
studies in male rats have shown that incubation of cocaine craving, as assessed in extinction
and cue-induced reinstatement tests, is less robust after 10 days of 2-h continuous access
daily sessions than after 10 days of 6-h daily sessions (8). We found that 6, 12, or 18
sessions of intermittent access cocaine self-administration produced similar levels of
incubation, indicating that the discrepant results between Experiments 1 and 2 are not due to
the duration of the training phase or amount of drug intake during this phase. Regarding the
second factor, as discussed in the Introduction, several studies have shown a role of ovarian
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hormones and estrous cycle in cocaine self-administration (38, 39, 49, 52, 65, 66, 74, 75)
and reinstatement of cocaine seeking after continuous access drug self-administration (40,
46-48, 76, 77). We found potentiation of incubation of cocaine craving during estrus, an
effect that was observed after either continuous or intermittent access cocaine self-
administration. Thus, the lack of incubation in Experiment 2 may be due to a high
proportion of rats being tested during non-estrus on day 29. However, it cannot be ruled out
that other unknown experimental factors contributed to the negative results in Experiment 2,
because in Experiments 3—4 we observed modest but statistically significant incubation in
non-estrus rats. These results suggest that incubation of cocaine craving occurs during both
estrus and non-estrus but this incubation is weaker and less robust during non-estrus.
Another reason for the replication failure in Experiment 2 is the use of different testing
durations (90 min versus 180 min in Experiment 1). However, this possibility can be ruled
out, because as shown in Figure S1, reliable incubation was observed in Experiment 1 (and
Experiments 3-4) when we analyzed the first 90-min data in these experiments.

Our data for the relapse tests on abstinence day 29 are consistent with previous findings
showing that female rats in estrus show higher cocaine-induced reinstatement and are more
resistant to extinction than female rats in non-estrus (40, 46, 47). In contrast, we did not
observe any differences in cocaine seeking on abstinence day 2 between the rats in estrus
and non-estrus. Previous studies found that the estrus phase is associated with increased
cocaine seeking during early abstinence extinction sessions (29, 47). The reasons for these
different results are unknown and it cannot be ruled out that the lack of effect of estrus phase
on day 2 is due to a floor effect or to differences in the training procedures used: extended 8-
h access in our study versus as 2-h limited access in the previous studies (see above).
Additionally, cocaine exposure can disrupt the reproductive cycle in rodents and humans
(43, 78), and in rats, the dysregulation of the estrous cycle lasts for up to 18 days after
withdrawal from cocaine (79). Therefore, the negative results regarding the estrous cycle’s
role in cocaine seeking during early abstinence should be interpreted with caution.

A methodological issue to consider in Experiment 1 is that we determined the estrus phase
based on a single-day cytology analysis that is less reliable than multiple-day analysis.
However, it is unlikely that this methodological issue confounds data interpretation, because
we replicated and extended Experiment 1 results in two experiments where we determined
the estrus phase based on multiple-day analysis. In Experiment 4, we showed a critical role
of estrus phase in incubation after continuous access cocaine self-administration.
Additionally, in an experiment where we only determined cocaine seeking 29 days after
intermittent access cocaine self-administration, we found higher lever presses during estrus
versus nonestrus (Figure S2).

Finally, a future research question is the mechanisms of estrus phase’s role in incubation of
craving. In this regard, a potential mechanism is potentiation of activity of dopaminergic
projections from ventral tegmental area (VTA) to nucleus accumbens (NAc) during estrus.
This projection plays a critical role in relapse/reinstatement of cocaine seeking (80, 81). An
early rat study showed potentiation of amphetamine-induced striatal dopamine release and
stereotypy during estrus (82). More recently, a mouse study showed that dopamine neuron
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activity in the VTA-to-NAc projection and cocaine’s rewarding effects in the CPP procedure
are potentiated during estrus (83).

Conclusions and clinical implications

Our results demonstrate that the phenomenon of incubation of cocaine craving generalizes to
female and male rats trained under the intermittent access drug self-administration procedure
(15). Additionally, in both male and female rats, intermittent access cocaine self-
administration potentiates cocaine seeking during both early and late abstinence. Finally, we
demonstrated a critical relationship between the phase of the estrous cycle and the
magnitude of incubation of craving in female rats after both continuous and intermittent self-
administration, a finding that may mediate sex differences in cocaine seeking. Thus, to the
degree that results from rats models generalize to humans (84-87) our findings implicate the
phase of the menstrual cycle as a risk factor for relapse in women and, therefore, should be
taken into consideration in the development of relapse prevention treatments. A translational
question for future research is whether incubation of cocaine craving, recently demonstrated
in humans using an EEG-based measure (11), is modulated by the menstrual cycle.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Continuous and intermittent cocaine self-administration and cocaine seeking for male
and female rats.

(A) Timeline of the experiment. (B) Total cocaine intake. Mean + SEM number of infusions
per session (Continuous access: male, n=27; female, n=23. Intermittent access: male, n = 25;
female, n = 24). (C) Frequency of intake. Mean £ SEM number of infusions per minute of
cocaine access per session. Left in all graphs (sessions 1-4): 2-h continuous access self-
administration acquisition sessions; right in all graphs (sessions 6-14): 8-h self-
administration sessions. (D) Active lever presses. Mean + SEM number of active lever
presses per session of self-administration. (E) Inactive lever presses. Mean £ SEM number
of inactive lever presses per session of self-administration. (F) Relapse (incubation) test.
Mean + SEM number of active and inactive lever presses per session (Continuous access:
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male: n=13 for Day 2 and n=14 for Day 29; female: n=11 for Day 2 and n=12 for Day 29.
Intermittent access: male: n=12 for Day 2 and n=13 for Day 29; female: n=12 for Day 2 and
Day 29). * Different from day 2 within each sex, p< .05; # Different from males on day 29
of abstinence, p=0.05.
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Figure 2. Lack of effect of incubation of cocaine craving in female rats after intermittent access
cocaine self-administration.

(A) Timeline of the experiment. (B) Total cocaine intake. Mean + SEM number of infusions
per session. Left in the graph (sessions 1-4): 2-h continuous access self-administration
acquisition sessions; right in the graph (sessions 6—14): 8-h self-administration sessions
(n=18). (C) Active lever presses. Mean + SEM number of active lever presses per session of
self-administration. (D) Inactive lever presses. Mean + SEM number of inactive lever
presses per session of self-administration. (E) Relapse (incubation) test: Mean + SEM
number of active and inactive lever presses per session (n=9 Day 2 and 29).
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Figure 3. Effect of duration of intermittent access cocaine self-administration training and
estrous cycle on incubation of craving in female rats.

(A) Timeline of the experiment. (B) Total cocaine intake. Mean £ SEM number of infusions
per session. (C) Active lever presses. Mean £ SEM number of active lever presses per
session of self-administration. (D) Inactive lever presses. Mean + SEM number of inactive
lever presses per session of self-administration. (E) Relapse (incubation) test: Training
duration. Mean + SEM number of active and inactive lever presses per session (6 sessions
n=8, 12 sessions n=7, 16 sessions n=8 for day 2 and day 29). (F) Relapse (incubation) test:
Estrous cycle. Mean £ SEM number of active and inactive lever presses per session (Non-
estrus n=13-16 (Diestrus n=6-10, Proestrus n=7-6) and Estrus n=10-7 for Day 2 and 29
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respectively). * Different from day 2 within each training condition or estrous phase, p< .05.
# Different from Non-estrus at day 29 of abstinence, p< .05.

Biol Psychiatry. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nicolas et al.

Infusions

Page 20

A. Timeline
Cocaine self-administration Forced abstinence
| 4dx2h/d | 12dx 8 h/d | |
| Acquisition | Continuous access |T |
Day 2 Day 29
B. Cocaine intake C. Active lever D. Inactive lever

150412 h/d» 8 h/d 1507 2 h/ds 8 h/d 1501 2 h/d» 8 h/d
0] L '
[} (7] ] [0} |
] Q | Q |
1004 | 2100 69 21004 |
| ~~0 8 QO 8 .
= > : 5 |
50- : $ 504 ! Q 504 !
| 3 ! 3 |
CD [ﬂ O |
|

0 1 1 . 1 1 1 I 1 1 0 1 1 L 1 I 1 1 I 1 O_me
1357 9111315 1357 9111315 1357 9111315
Session Session Session

E. Relapse (incubation) test

Active lever Inactive lever
= 10007 1@ Non-estrus
€ 800 - - B Estrus
n
? 600 -

o
E— 400 -
Q
o 2004 -
-
0- log od

2 29 2 29
Abstinence day

Figure 4. Effect of estrous cycle on incubation of craving after continuous access cocaine self-
administration in female rats.

(A) Timeline of the experiment. (B) Total cocaine intake. Mean + SEM number of infusions
per session. (C) Active lever presses. Mean + SEM number of active lever presses per
session of self-administration. (D) Inactive lever presses. Mean + SEM number of inactive
lever presses per session of self-administration. (E) Relapse (incubation) test: Mean + SEM
number of active and inactive lever presses per session. Non-estrus n=12 (Diestrus n=6,
Proestrus n=6) for day 2 and n=12 (Diestrus n=7, Proestrus n=4) for day 29; Estrus n=9 for
day 2 and n = 8 for day 29. * Different from day 2 within estrus phase, p<0.05. # Different
from Non-estrus at day 29 of abstinence, p< .05
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